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Abstract

Background: Meiotic recombination plays an important role in reproduction and evolution. The individual global
recombination rate (GRR), measured as the number of crossovers (CO) per gametes, is a complex trait that has been
shown to be heritable. The sex chromosomes play an important role in reproduction and fertility related traits. There-
fore, variants present on the X-chromosome might have a high contribution to the genetic variation of GRR that is
related to meiosis and to reproduction.

Results: We herein used genotyping data from 58,474 New Zealand dairy cattle to estimate the contribution of the
X-chromosome to male and female GRR levels. Based on the pedigree-based relationships, we first estimated that
the X-chromosome accounted for 30% of the total additive genetic variance for male GRR. This percentage was equal
to 19.9% when the estimation relied on a SNP-BLUP approach assuming each SNP has a small contribution. We then
carried out a haplotype-based association study to map X-linked QTL, and subsequently fine-mapped the identified
QTL with imputed sequence variants. With this approach we identified three QTL with large effect accounting for
7.7% of the additive genetic variance of male GRR. The associated effects were equal to +0.79, — 1.16 and 4+ 1.18 CO
for the alternate alleles. In females, the estimated contribution of the X-chromosome to GRR was null and no signifi-
cant association with X-linked loci was found. Interestingly, two of the male GRR QTL were associated with candidate
genes preferentially expressed in testis, in agreement with a male-specific effect. Finally, the most significant QTL was
associated with PPP4R3C, further supporting the important role of protein phosphatase in double-strand break repair
by homologous recombination.

Conclusions: Our study illustrates the important role the X-chromosome can have on traits such as individual
recombination rate, associated with testis in males. We also show that contribution of the X-chromosome to such a
trait might be sex dependent.

Introduction inherited alleles, bringing favorable alleles together and

Recombination is a fundamental biological and evolu-
tionary process. It creates genetic diversity among gam-
etes and offspring by shuffling paternally and maternally
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separating them from deleterious alleles [1]. Recombi-
nation is also essential for reproduction as it ensures
proper chromosome segregation during meiosis (e.g.,
[2]). An optimal number of crossovers (CO) per gam-
ete is required for meiosis, and excessively low or high
number of CO per gamete can result in fertility problems
(e.g., [2]). Variation is nevertheless observed among spe-
cies, sexes and individuals [1, 2]. For instance, a higher
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recombination rate (RR) has been measured in the homo-
gametic sex in many species [3—7], although the opposite
has also been observed in cattle [8, 9] and sheep [10].
Sex-specific distribution of CO have also been reported,
with males presenting higher relative RR near telomeres
3,8,9, 11, 12].

Genetic studies have demonstrated that individual vari-
ation in global recombination rate (GRR), measured as
the number of crossovers (CO) per gametes, is heritable
in human [13], cattle [8, 9, 14], sheep [10, 15] and Dros-
ophila [16]. Variants affecting GRR have been identified
in several species including cattle [4, 8-10, 13-15, 17—
19]. Several of these variants explained a large fraction of
the genetic variance, up to 40%, suggesting that GRR has
a rather oligogenic architecture [8, 10, 15, 18, 19].

The sex chromosomes play an important role in
reproduction and fertility related traits (e.g., [20]). For
instance, the human X-chromosome acquired and ampli-
fied testis-expressed gene families [21, 22], and both the
human X and Y chromosomes gained a specialization
for male reproduction [23]. Several examples of X-linked
genes causing infertility or hybrid sterility, and also
controlling meiosis, have been reported (e.g., [24, 25]).
Further, X-linked loci could also explain the observed dif-
ferences in GRR between sexes as suggested by Dumont
and Payseur [19] and Dumont [26]. For these different
reasons, the X-chromosome might make an important
contribution to genetic variance of GRR. In mice, several
X-linked loci associated with recombination have been
identified (e.g., [19, 25]). However, only a few X-linked
variants affecting GRR have been identified in other spe-
cies, including human [see 26]. In cattle, GWAS have so
far suggested a small contribution of the X-chromosome
to the genetic variance of GRR [8, 9, 14]. Nonetheless,
due to its specific inheritance pattern, the X-chromo-
some requires specific statistical tools and is sometimes
ignored in GWAS (e.g., [27]).

We herein take advantage of the new bovine genome
build [28], providing a significant improvement for the
X-chromosome compared to the previous build, and an
improved genetic map [29] to evaluate the contribution
of the X-chromosome to male and female GRR in a dairy
cattle population from New Zealand.

Results

Pedigree-based estimates of genetic variance components
First, using the pedigree-based relationship matrix, we
partitioned the total phenotypic variance from male
GRR into genetic, permanent environment and random
residual variance without accounting for the contribu-
tion from the X-chromosome. The corresponding her-
itability and repeatability estimates were respectively
12.8% (£ 1.3) and 16.5% (£ 0.8). Next, we re-partitioned
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the phenotypic variance accounting for the contribution
from the X-chromosome (X-specific part) in addition
to the contribution from the autosomes by fitting these
contributions as two distinct random effects. The herit-
ability and repeatability estimates now increased to 15.8
(£ 1.3) and 16.8 (£ 0.8), respectively. The contribution
of the X-chromosome was significant (p =1.25e-7) and
accounted for 4.7% (+ 1.2) of the phenotypic variance
and 29.9% (£ 7.1) of the genetic variance. With the latter
model, the contribution of the autosomes was reduced
from 12.8 to 11.1%. The permanent environmental con-
tribution was more impacted, decreasing from 3.8 to 1.0%
suggesting that this effect could capture the X-chromo-
some effect when not included in the model. Subsequent
analyses estimated that the genetic effects associated to
the Y-chromosome captured respectively 0.5% (£ 0.4)
and 3.7% (& 3.1%) of the phenotypic and additive genetic
variances, although its addition to the first model was
non-significant (p =0.054). The estimated contribution
of the Y-chromosome was even lower, only 0.3% (& 0.3)
of the total genetic variance, when the model also con-
tained the genetic effect of the X-chromosome. Inclusion
of the Y-chromosome effect was also less significant in
that case (p =0.261).

In females, the heritability and repeatability estimated
with the first model, without sex-chromosome effects,
were lower than in males, 5.8 (+ 1.9) and 6.3 (+ 2.0),
respectively. The permanent environment variance also
had a lower contribution to repeatability than in males.
The inclusion of the X-chromosome additive genetic
effects in females was non-significant and the variance
associated with the X-chromosome was null.

Variance associated with X-chromosome SNP effects

An alternative approach to estimate the contribution of
the X-chromosome to the variance of individual GRR is
to use a genomic relationship matrix (GRM). Here we
used an equivalent SNP-BLUP approach. The genotype
dosages, stored in the X matrix (see methods), were
rescaled as for the computation of a GRM. The mean of
diagonal elements from XX’ was 1.02 (SD 0.10) and 1.00
(SD 0.14) in males and females, respectively. Hence, the
associated X-chromosome SNP-effect variance o cor-
responded to the variance of individual genetic effects of
the X-chromosome. In males, this variance corresponded
to 19.9 and 2.9% of the additive genetic variance and phe-
notypic variance, respectively. The resulting contribution
was lower than the estimation from the pedigree-based
relationships. The heritability was also slightly lower,
14.6%, whereas the repeatability, 16.8%, was equivalent
to the value estimated with the pedigree-based model.
These parameters were estimated with a REML algorithm
as the AI-REML had convergence problems. We also
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used a Gibbs sampling approach to obtain confidence
intervals, and estimates were consistent with to those
from the REML analysis (Table S1 in Additional file 1). In
females, the variance associated with the X-chromosome
marker effects was null. Thus, these results confirm pre-
vious findings obtained with pedigree information, sug-
gesting that the X-chromosome has a high contribution
to genetic variance in males but a small contribution in
females. Note that effects from rare alleles (MAF <0.01%)
were not captured by this approach.

Haplotype- and sequenced-based association study

Next, we carried out a haplotype-based association study
to identify X-linked loci associated with variation in
GRR. The results were in agreement with our first find-
ings. Indeed, two QTL exceeding the significance thresh-
old were identified in males (from positions 50.15 to
50.51 Mb, P =7.1e-7; and at position 117.00 Mb, P =1.8e-
11) whereas no significant association was found in
females (Fig. 1). To fine-map the two identified QTL, we
performed a SNP-based association study with respec-
tively 32,238 and 33,030 imputed sequence variants (see
Material and Methods). The fine-mapping analyses were
realized in windows of 20 Mb and 15 Mb centered around
the most significant positions of the two QTL (respec-
tively from positions 40 to 60Mb, and from positions
110 to 125Mb). In each window, the lead/top associated
variant had higher significance than the haplotype-based
analysis (Fig. 2). We defined LD-based sets of candidate
variants for each QTL with SNPs and indels in high LD
(r? >0.90) with the lead variant. These sets contained 35
(distal peak at chrX:116625344) and 13 variants (central
peak at chrX:50079257), spanning approximately 276 and
82kb (Figs. 3 and 4; Additional file 2).
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Fig. 1 Haplotype-based association study for global recombination
rate on the X-chromosome. The association study was performed
in males (blue) and females (red). The gray line represents the
genome-wide significance threshold and the position of the
pseudo-autosomal boundary is represented in orange
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We repeated both the haplotype-based and sequenced-
based association analyses with the two lead-SNPs
included in the model as fixed effects (Fig. 5). Although
the haplotype-based analysis was no longer genome-wide
significant in either interval, a secondary significant sig-
nal was obtained with the sequence-based analysis in the
central peak (position 57.08 Mb, P =7.1e-8), but not in
the distal interval. The set of variants in high LD with the
lead variant encompassed 37 variants in a 335kb region
(Fig. 6; Additional file 2). The lead variant was independ-
ent from the first lead variant identified in the interval
at position chrX:50079257 (r*> =0.001). Both haplotype-
based and sequenced-based association analyses includ-
ing the three lead variants as covariates were no longer
significant in the interval (min P =3.8e-1 and P =4.4e-5
for the haplotype-based and sequenced-based analysis,
respectively).

Functional annotation was used to determine which
genes were associated to candidate variants (e.g., as
coding variants in this gene, in upstream regions of
these genes, etc.). Variants present in the three sets
of LD-based candidate variants were associated to
respectively only one, one and two genes (Additional
file 2). In the most significant peak, the unique gene
associated with the candidate variants was the Pro-
tein Phosphatase 4 Regulatory Subunit 3C or PPP4R3C
(ENSBTAG00000008511), and the predicted func-
tional impacts of the different variants were low (the
set of candidate variants contained also a synony-
mous mutation). There was also a single gene (ENS-
BTAG00000027978) associated with the second set of
LD-based candidate variants, that included a missense
mutation M86I in ENSBTAG00000027978 predicted
to have a moderate effect with VEP and classified as
tolerated with the SIFT score. This second set of LD-
based candidate variants was also associated to two
ribosomal RNA genes (5_8S_rRNA). Finally, in the
third peak, variants were associated with collagen type
1V alpha 6 chain (COL4A6, ENSBTAG00000013760)
and collagen type 1V alpha 5 chain (COL4AS,
ENSBTAG00000014575).

Contribution of identified loci to genetic variance in GRR

The effects of the identified genetic variants were esti-
mated by simultaneously fitting the three newly identified
variants on the X-chromosome in the LMM used for the
sequenced-based association study. For GRR in males,
the 10 previously identified autosomal variants (see
Material and Methods) were also significant in our data
set, and their effect ranged from 0.39 to 1.88 additional
or fewer CO (Table 1). They accounted for 1.0 to 10.3%
of the additive genetic variance (including genetic vari-
ance associated to autosomes and the X-chromosome).
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Fig. 2 Association study for male global recombination rate on the
X-chromosome. The association models include a haplotype-based
association analysis (blue) and a sequenced-based single-point
association in two regions harboring a QTL (gray). The red line
represents the genome-wide significance threshold and the position
of the pseudo-autosomal boundary is represented in orange

In total, the 10 autosomal variants captured respectively
455 and 64.7% of the additive genetic and the addi-
tive autosomal variances. The effects of the three newly
identified variants from the X-chromosome on the GRR
were large (Table 1), equal to respectively 0.78, 1.16
and — 1.18 CO for the alternate alleles of three leads SNPs
(chrX:116625344, chrX:50079257 and chrX:57080199).
The most significant variant (chrX:116625344) had mod-
erate frequency (24.1%) whereas the two other variants
were less frequent (around 5%). The variances associated
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with these effects were estimated as pga®, where p and
q are the allele frequencies and a is the additive effect.
These variances represented respectively 3.4, 2.2 and
2.1% of the additive genetic variance despite the contri-
bution of a single copy compared to autosomes carry-
ing two alleles. Together, these three variants captured
respectively 7.7 and 25.8% of the additive genetic and
the X-chromosome genetic variances respectively. When
all 13 GRR associated genetic variants were fitted in the
model, the estimated polygenic variances associated with
autosomes and the X-chromosome were reduced respec-
tively by 43 and 36% (by 40% for the total additive genetic
variance), confirming that they account for a large frac-
tion of the additive genetic variance. Finally, none of the
three newly identified variants had a significant effect on
female GRR (p >0.05).

Discussion

We herein applied different approaches to estimate the
contribution of X-chromosome loci to additive genetic
variation in male and female GRR in cattle. The first
approach was based on the pedigree-based relationship,
the second on a highly polygenic model where X-chro-
mosome SNP-effects are fitted simultaneously with the
same variance, and a third approach relied on an X-chro-
mosome wide association study that can reveal large
effects loci. With the three approaches, the contribution
of the X-chromosome to male GRR additive genetic vari-
ance was found to be substantial. Although the marker-
based estimation of the percentage of genetic variance

assumed to encompass the causative variant
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Fig. 3 Fine-mapping of the distal QTL for GRR by sequence-based association analysis. Variants are colored according to their LD with the lead
variant. The symbols are function of the predicted functional impact. The variants in dark red define the “LD-based set of candidate variants”




Kadri et al. BMC Genomics (2022) 23:114 Page 5 of 11
| mpacT ] 2
8 o Modifier g‘ §Z§ - éig
¢ Low .0 — 4.
A Moderate 83 - gi
" High D ot ¢ @EmmD €O ® 00-02
€7 o o8 © By ¢
o ° °®
. od® [ J [ X X ®
o Y Crx J
g 4 [ () %)
' ©a®
e . > >
7Y
2 _ee Ao dmngmenil
. @
® A o V [ % o0Qe “ g0 )
M oty -
0 © $eea P
| BEx2 1 GPRASP2
X2 E— ZMAT1
I TSPAN6 1 BEX5
=T | 5_8S_rRNA
1 ARMCX5
T T T T T
49.6 49.8 50.0 50.2 50.4

assumed to encompass the causative variant

Position along X-chromosome (in Mb)

Fig.4 Fine-mapping of the proximal QTL for GRR by sequence-based association analysis. Variants are colored according to their LD with the
lead variant. The symbols are function of the predicted functional impact. The variants in dark red define the “LD-based set of candidate variants”

accounted by the X-chromosome was large (19.9%), it
was lower than the pedigree-based estimation (29.9%).
This difference might be due to the differences between
expected and realized relationships that are larger when
these are estimated for a single chromosome, such as
the X-chromosome, rather than with all the autosomes
[30]. Even higher deviations between expected and real-
ized relationships were observed when comparisons were
done exclusively for males and the for X-chromosome
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Fig. 5 Conditional association study for male global recombination
rate on the X-chromosome. The association models include a
haplotype-based association analysis (blue) and a sequenced-based
single-point association in two regions harboring a QTL (gray). In
both association analyses, the two lead SNPs identified in the first
sequenced-based association were included as covariates. The red

line represents the genome-wide significance threshold and the
position of the pseudo-autosomal boundary is represented in orange

0

[30]. Use of realized relationships are expected to pro-
vide better estimators. The difference of estimated con-
tributions might also result from relatively large standard
errors associated with the estimators, indicating that it
remained difficult to disentangle the respective contri-
butions from autosomes, the X-chromosome and the
permanent environmental effects. Three genome-wide
significant QTL were identified on the X-chromosome
and were fine-mapped with a sequenced-based asso-
ciation study. The genetic variance captured by the three
identified loci represented respectively 7.7% of the addi-
tive genetic variance and 25.8% of genetic variation asso-
ciated with the X-chromosome. This indicates that more
variants on the X-chromosome affect GRR, but with
lower effects or segregating at lower frequencies. We also
estimated the contribution of the Y-chromosome to GRR
but did not find evidence of large effects associated with
specific male lineages. Interestingly, the variance of the
X-chromosome and the Y-chromosome genetic effects
were initially captured by the variance of the permanent
environment effect, confirming that this effect might
catch other genetic effects, with different inheritance pat-
terns than autosomal additive effects, when these are not
fitted in the model. Consequently, high observed levels of
permanent environment variances, in past or future stud-
ies, might warrant further investigations. For instance,
additional random effects such as those associated with
sex-chromosomes or with transgenerational effects
might be tested.
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Contrasting results were obtained in females with the
same approach as the contribution of the X-chromo-
some to female GRR was almost null. This discrepancy
could be due to technical aspects, such as lower power
in females where we have fewer records despite a larger
number of parents, or such as the pedigree-based rela-
tionships A and S being more similar in females than in
males (e.g., higher correlations between elements of the

relationship matrices) (e.g., [30]), making it more difficult
to disentangle the two effects. Nevertheless, the power
was large enough to identify the variants present on the
autosomes and affecting both male and female GRR [8].
Analysis of other populations used in Kadri et al. [8]
showed similar patterns, with low non-significant contri-
bution in females, albeit non-null, and several X-linked
QTL in males (data not shown). Conversely, Ma et al.

Table 1 Frequency and effects on GRR (estimated jointly) of the variants previously identified on autosomes and the newly identified
variants on the X-chromosome, and the corresponding proportion of additive genetic variance (associated with both autosomes and
the X-chromosome) they account for

Fitted variants P-value Freq. Effect %Var
HFM1 S1189L x 107% 12.2% —0.50 1.6%
RNF212 P259S 167 %1072 23.0% 0.98 10.3%
RNF212A77T 240x 1078 3.6% —188 7.4%
rs381356614 (RNF212B) 6.72x 1078 9.9% 1.06 6.1%
rs207682689 (RNF212B) 157 % 107% 486% —049 3.6%
rs437013002 (RNF212B) 199 % 1079 12.0% —039 1.0%
MLH3 N408S 286x 1078 34.6% 0.70 6.7%
rs135941180 263%x 107 62.7% —054 41%
MSH5 R631Q 224 107" 4.9% —1.12 3.6%
rs1106661033 (PRDMO9) 19x107% 94.2% —054 1.0%
ChrX 50,079,257 C/A (ENSBTAG00000027978) 113x107% 5.7% 1.16 2.2%
ChrX 116625345 TTC/— 268x 10713 24.1% 0.78 34%
ChrX 57,080,199 —/ATAT (COL4A6) 172%107% 5.3% —1.18 2.1%
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[9] found two QTL, one specific to each sex, in a large
Holstein cattle pedigree realized on the previous bovine
genome assembly. However, their study had higher asso-
ciation mapping power in females than in males. These
associations on the X-chromosome were less significant
than associations on the autosomes, suggesting moder-
ate contributions to total variance. These observations
nevertheless suggest that the contribution of the X-chro-
mosome to the genetic variance of male or female GRR
varies across populations. Variable contribution is also
observed in other species. Dumont [26] reported that
associations of X-linked variants with GRR remained
rare in many species, including human, but also that large
effect X-linked loci had been identified in mice [19, 25].
Our study also provides novel association between
X-linked genes and recombination. In our most signifi-
cant peak (lead SNP at position 116,625,345), the only
gene associated with variants in high LD with the lead
SNP is PPP4R3C, a paralogue of PPP4R3A and PPP4R3B
that regulate protein phosphatase Protein Phosphatase 4
Catalytic Subunit (PPP4C) that is in turn associated with
the DNA Double-Strand Break (DSB) repair pathway.
Protein phosphatase PP4 have indeed been implicated
in homologous recombination repair of DSB [31-33]. By
catalyzing RPA2 dephosphorylation, PPP4C allows the
efficient recruitment of RADSI to chromatin [31]. Inter-
estingly, PPP4R3C is preferentially expressed in testis in
cattle, human and mice [34-36], and has been classified
as male reproductive tract-specific genes by Roberston
et al. [37]. Deficiency of PPP4C results in oligoasthe-
noteratospermia and sperm tail bending in mice [38].
These elements make PPP43C an interesting candidate
gene and the association would confirm the importance
of phosphorylation of repair proteins in the DSB repair
pathway [33, 39]. However, no obvious candidate coding
variant was identified in the candidate set of variants. The
gene associated with variants from the second peak (lead
SNP at position 50,079,257), ENSBTAG00000027978,
is an orthologue of Prame (Mus musculus) and Pramel
(Rattus norvegicus) from the PRAME (Preferentially
expressed antigen in melanoma) family. The identity is
however only moderate; 68.4% with NM_029459 and
71.6% with NM _001109368. In human and mouse,
PRAME expression is restricted primarily to the testis
(in spermatogonia) [35, 36]. In agreement, the bovine
ENSBTAG00000027978 was more recently found to be
mainly expressed in testis [34, 36]. The PRAME fam-
ily has also been expanded by duplication, and the fam-
ily is amplified on the Y-chromosome [40]. These genes
are thus involved in male specific reproduction traits
and have essential function in spermatogenesis. Interest-
ingly, a missense variant M86I was in high LD with the
lead SNP (r* =0.99), making it an excellent candidate
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causative variant. Finally, the third peak (lead SNP at
position 57,080,119) encompasses collagen type IV alpha
6 chain (COL4A6, ENSBTAG00000013760) and collagen
type IV alpha 5 chain (COL4AS, ENSBTAG00000014575)
that are major structural components of basement mem-
branes and expressed in several tissues, without direct
link with recombination or male reproduction. The
observation that two of the QTL were associated with
genes specifically expressed in testis is compatible with
male specific effects, providing further evidence of male
specific effects on GRR in our population. Note that we
cannot exclude that the causative variants were outside
the defined credible sets. To obtain a set with a higher
level of confidence, we could for instance include SNPs
with a lower LD with the lead variant (r* >0.80). The
implications of such changes can be visualized in Figs. 3,
4 and 6, and the additional SNPs are reported in Addi-
tional file 2. For the distal QTL (chrX:116625344; Fig. 3)
and the secondary QTL (chrX: 57080199; Fig. 6), the
credible sets would contain only 4 and 7 additional vari-
ants, without pointing to new genes. For the last QTL
(chrX:50079257), a large cluster of 137 variants, ranging
from positions 49,679,026 to 49,955,674, would be added
(Fig. 4). This group of variants present however lower
significance levels than those from the original credible
set. Most of the additional variants are intergenic or in
downstream/upstream regions of genes and are associ-
ated with six genes (Additional file 2), most without gene
name. Some of these are preferentially expressed in testis
and none of them as obvious relationship with meiotic
recombination. Interestingly, the region also contained
the Brain Expressed X-Linked 2 (BEX2) gene, that regu-
lates the level of PP2A regulatory subunit B and PP2A
phosphatase activity that are related to meiotic recombi-
nation (the first QTL was also associated to protein phos-
phatase). However, no variant from this enlarged credible
set was in intronic or exonic regions from BEX2 or in its
up/downstream regions.

In our previous study on GRR in cattle [8], most of
the autosomal loci associated with GRR had shared
effects in males and females. Here, we found sex-spe-
cific effects for loci on the X-chromosome, as for the
two X-linked variants reported in Ma et al. [9]. In addi-
tion, Dumont and Payseur [19] suggested that if selec-
tion favors distinct recombination rates in both sexes,
genetic variants affecting GRR might preferentially
aggregate on the X-chromosome. The X-chromosome
might thus play a role to generate the different recom-
bination rates in males and females that are observed in
several species [3-7, 9, 10].

The role of the X-chromosome in male GRR is also
expected to be important because the X-chromosome
has acquired testis-expressed genes [21, 23]. In human,
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both the X and Y-chromosomes have gained a speciali-
zation for male reproduction [23]. The X-chromosome
has portions specialized for sperm production [22]. As
a result, the X-chromosome is expected to harbor genes
associated with male reproduction and with recombina-
tion. As an example, Yang et al. [24] found that TEX11
regulates genome-wide recombination in mouse and that
mutations in TEX1I can cause infertility in males. In our
study, the X-chromosome has specific effects on male
GRR, and two of the candidate genes were such genes
preferentially expressed in testis. These results are thus
in line with the expectation that the X-chromosome har-
bors genetic modifiers affecting reproduction or meiosis
related traits, and in particular in males.

Material and methods

Data

For the present study, we considered genotyping data
from 58,474 cattle from New Zealand previously used
to study recombination on autosomes [8] and the
X-chromosome [29]. The population consisted of Hol-
stein-Friesian (24%), Jersey (19%) and crossbred indi-
viduals (57%). The GRR phenotypes were previously
estimated with LINKPHASE3 [41] based on 30,127
SNPs by Kadri et al. [8]. For each genotyped parent-
offspring pair, the CO count corresponds to one record
from the parent observed in one of its gametes. Parents
with multiple genotyped offspring thus have multi-
ple records observed in different gametes. In addition,
imputed genotypes were available for a set of 11 genetic
variants associated with GRR identified by Kadri et al.
[8]. For the X-chromosome, haplotypes were estimated
for 817 SNPs by Zhang et al. [29] after estimation of
new sex-specific genetic maps with LINKPHASE3; 744
of these SNPs mapped to the X-specific part and 73 to
the pseudo-autosomal region (PAR). LINKPHASE3 [41]
relies on familial and linkage information and leaves
some markers unphased. For further analysis, we kept
individuals with GRR phenotypes from Kadri et al. [8],
phased genotypes from Zhang et al. [29] and imputed
genotypes for sequence variants (see below), resulting
in a mapping cohort of 1962 males with 47,689 GRR
records, and 5458 females with 7188 records. The pedi-
gree of the 7420 parents with records and their ances-
tors included 20,785 individuals.

Pedigree-based estimation of variance components

We estimated the genetic parameters associated with
GRR in each sex separately with the following univariate
linear mixed model (LMM):

y=1lu+Pc+Zyu+7Z,p+e
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Where vy is the vector of CO counts (e.g., GRR), p is the
overall mean effect, c is a vector of effects from the first
four principal components of genetic variation (estimated
with 30,127 autosomal SNPs), u is the vector of random
polygenic effects normally distributed, i.e. u ~ N(0,A agz),
where ag2 is the additive genetic variance and A is the
additive relationship matrix estimated from pedigree, p
is the vector of random permanent environment effects
normally distributed, i.e. p ~ N(0,I o;), where 013 is the
variance of permanent environment effects and I is an
identity matrix, e is the vector of random residual error
terms normally distributed, i.e. e ~ N(0,I 62), where o2 is
the residual variance. P, Z, and Z, are incidence matrices
relating respective effects to phenotypes. The first four
principal components were fitted to capture the breeds
effects as we did in the first GWAS for GRR [8], they
accounted for 8.8% of the variation.

The genetic variance associated with the X-chromo-
some (the X-specific part) was estimated by extending
the LMM as follows:

Yy=1lp+Pc+Zyu+7Z,p+Zs+e

where s is the vector of random additive genetic effects
associated with the X-chromosome and normally distrib-
uted, i.e. s ~ N(0,S 02), where 0?2 is the additive genetic
variance associated with the X-chromosome and S is the
additive relationship matrix for the X-chromosome esti-
mated from pedigree as in Fernando and Grossman [42],
and reconstructed with codes developed in Druet and
Legarra [30]. We realized a likelihood ratio test (LRT)
comparing the two models to determine whether o2 was
significantly different from 0.

For males, we could also estimate the contribution of
the Y-chromosome. To that end, we assumed that sires
transmitted their Y-chromosome effect to their sons.
We identified 310 unique Y—chromosome lineages in
our pedigree, 41 directly associated with records. Two
models including a Y-chromosome genetic effect were
tested:

y=1lp+Pc+Zyu+Z,p+Zi+e
and
Y=1u+Pc+Zyu+Zyp+Zss+ Zii+e

Where i is the vector of random Y-chromosome effects,
normally distributed, i ~ N(0,I aiz), where ol.2 is the addi-
tive genetic variance associated with the Y-chromosome
and Z, is the associated incidence matrix. These models
were compared to previous models with a LRT.

Variance components were estimated with AIREMLF90
[43] and standard deviations of functions of genetic
parameters (e.g., heritability, repeatability) were obtained
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by repeated sampling of parameters estimates from their
asymptotic multivariate normal distribution [44].

Estimation of variance associated with X-chromosome
SNP-effects

We subsequently estimated the variance associated with
the X-chromosome by using the genomic relationship
matrix. We previously showed that such a GRM for the
X-chromosome has a low dimensionality and is not of full
rank [30]. Therefore, we proposed to use an equivalent
SNP-BLUP approach (e.g., [45]) where X-chromosome
SNP-effects (SNPs on the X-specific part) are simultane-
ously estimated. To that end, we fitted SNP as random
effects in the following LMM:

y=1lu+Pc+Zyu+Z,p+Xm+e

Where m is the vector of M random marker (SNP)
effects, normally distributed m ~ N(0,I 0,%1), where oy%l
is the scaled SNP-effect variance. X is a matrix with
the centered and scaled dosage of each SNP (one SNP
per column) associated with the corresponding record
(one line per record). The dosage for SNP i is esti-
mated as the number of A alleles (0 or 1 in males as
they are haploid on the X-chromosome, and 0, 1 or 2
in females). The dosages are centered by subtracting
the A allele frequency, p;, in males and twice this value
in females (see for instance [30]). Finally, the centered
dosages are scaled by Ef\ilpi(l —p;) in males and
22?211%(1 — pi) in females, similarly to the procedure
from VanRaden [46]. The total additive genetic effect
associated with the X-chromosome for individual j, S
can be estimated as Z?ilx,-jmi where m; is the effect
of maker i (see for instance [47]) and x;; is the dosage
at marker i for individual j. As a result of the center-
ing and scaling procedure, the variance of scaled SNP-
effects 02 is expected to be equal to the variance of
individual effects o2 [47]. This model was fitted sepa-
rately in each sex.

The allele frequencies were estimated by counting one
allele in males and two in females. We selected 585 SNPs
with a minor allele frequency > 0.01. The 585 SNP effects
were fitted simultaneously with AIREMLF90 [43] and
with a common variance. Parameters were also estimated
with REMLF90 and GIBBSF90 [43] when AIREMLF90
did not converge properly.

Haplotype-based association study

We performed a haplotype-based association study
for loci on the X-chromosome. Genotypes were first
phased based on familial and linkage information using
LINKPHASE3 [38]. Unphased SNPs were subsequently
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phased with Beagle 4.1 [48], by exploiting linkage dise-
quilibrium (LD) information. The haplotypes were then
clustered according to their similarity with the model
from Scheet and Stephens [49] as implemented in the
PHASEBOOK program [50]. With this approach, haplo-
types that are locally similar are grouped, at each marker
position, into K, set to 40, haplotype clusters corre-
sponding to the hidden states of the model. These two
steps were done separately for the X-specific part, where
the males were considered homozygotes, and the PAR.

Association between the position-specific haplotype
clusters and individual GRR was then tested in each sex
with the following LMM:

y=XB+Pc+Zyu+7Zs+Zyh+e

where P is a vector of fixed effects including the overall
mean and the effect autosomal variants previously iden-
tified for their association with GRR by Kadri et al. [8],
h is a vector of random haplotype clusters effects, nor-
mally distributed with variance a;%, X and Z,, are inci-
dence matrices. In the X-specific part, males and females
are associated to respectively one or two haplotype
cluster(s). The model included principal components
and polygenic effects to account for population struc-
ture and cryptic relatedness, and also a sex-chromosome
individual genetic effect to account for expected shared
polygenic effects on the X-chromosome. For each trait
(male and female GRR), we included in the model only
those variants that were significantly associated to that
specific trait. Respectively 10 and 8 autosomal variants
were consequently fitted in males and females, including
the following seven variants in both sexes HFM1 S1189L,
RNF212 P259S, rs381356614 (RNF212B), rs207682689
(RNF212B), rs437013002 (RNF212B), MLH3 N408S and
rs1106661033 (associated with PRDM?9). In addition,
RNF212 A77T, rs135941180 and MSHS5S R631Q were
specifically fitted in males and rs210318688 (MSH4) in
females.

As in Kadri et al. [8], the presence of a QTL was
tested by comparing the likelihood of a model with
versus without the random haplotype cluster effect
with a LRT (distributed as a x* distribution with 1
df). We set the genome-wide significance threshold
at 1.67e-6, after Bonferroni correction for 30,000
tests that include associations previously tested on
autosomes [8].

Sequenced-based association study

We used genotypes imputed for all parents in regions
surrounding identified QTL. Imputed genotypes were
available from a previous study relying on a reference
panel of 1298 sequenced individuals. This imputation



Kadri et al. BMC Genomics (2022) 23:114

procedure realized with Beagle 5.1 [51] is fully
described in Wang et al. [52] and was validated by a
10-fold cross-validation experiment. The coordinates
from the two selected target regions were from 40 to
60 Mb and from 110 to 125Mb. Respectively, 52,934
and 73,988 variants were imputed in these two regions.
We kept for further analyses only variants with an esti-
mated imputation accuracy r* >0.80 (see distribution
in Additional file 3: Fig. S1) and a MAF > 0.01, result-
ing in 32,238 and 33,030 variants. We used the same
LMM as in the haplotype-based association analy-
sis but the haplotype effect was replaced by a regres-
sion on SNP allelic dosage. The association of this
fixed effect with GRR was tested with a Z-test (see
for instance [8]). For each of the fine-mapped QTL,
we considered all the variants in high LD (r* >0.90)
with the lead variant as the strongest candidate vari-
ants (LD-based set of candidate variants). Annotation
of the variants was done with Variant Effect Predictor
(VEP) v95.0 [53]. Information on gene expression for
candidate genes was obtained from the Cattle Gene
Atlas (http://cattlegeneatlas.roslin.ed.ac.uk/) [34], the
human protein atlas (https://www.proteinatlas.org/)
[35] and the Expression Atlas (https://www.ebi.ac.uk/
gxa/home) [36].
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